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13 ABSTRACT: To meet the very speciﬁc requirements
14 demanded by industry, proteins must be appropriately tailored.
15 Engineering laccases, to improve the oxidation of small
16 molecules, with applications in multiple ﬁelds, is, however, a
17 diﬃcult task. Most eﬀorts have concentrated on increasing the
18 redox potential of the enzyme, but in recent work, we have
19 pursued an alternate strategy to engineering these biocatalysts.
20 In particular, we have found that redesigning substrate binding
21 at the T1 pocket, guided by in silico methodologies, to be a
22 more consistent option. In this work, we evaluate the
23 robustness of our computational approach to estimate activity,
24 emphasizing the importance of the binding event in laccase reactivity. Strengths and weaknesses of the protocol are discussed
25 along with its potential for scoring large numbers of protein sequences and thus its signiﬁcance in protein engineering.
26 ■ INTRODUCTION
27 Laccases (EC 1.10.3.2) are multicopper oxidases whose
28 catalytic core is organized in two copper centers: the T1 site,
29 where substrates are oxidized, and the trinuclear cluster, where
30 molecular oxygen is reduced to water. The broad speciﬁcity of
31 these proteins, the use of oxygen as ﬁnal electron acceptor, and
32 its conversion into water make them ideal candidates for
33 sustainable industrial processes.1 On the other hand, the T1
34 copper’s redox potential (ET1° < 0.8 V) constitutes an upper
35 limit to their application. Although mediators are successfully
36 used to extend their activity toward high redox potential
37 substrates,2 trying to broaden the chemical space of these
38 proteins by increasing their redox potential is a challenging
39 strategy.3 The observation of a linear dependence between the
40 logarithm of the speciﬁcity constant (kcat/KM) and the one-
41 electron redox potential diﬀerence between laccase’s T1 copper
42 site and phenolic substrates has for a long time fueled this
43 approach.4 However, exceptions can be found in the literature,
44 such as the oxidation of syringaldazine by Myceliophthora
45 thermophila (MtL, E°T1 = 0.46 V), Rhizoctonia solani (E°T1 =
46 0.73 V), and Pycnoporus cinnabarinus (PcL, E°T1 = 0.79 V),
47 which was shown to be more favorable in the enzyme with the
48 lowest redox potential.5,6 In fact, in addition to the redox
49 potential diﬀerence, the oxidation rate is also controlled by the
50binding event,7 which directly inﬂuences the electron transfer
51(ET) driving force (shifting the energy levels of the substrate),
52the electron coupling (determining the donor−acceptor
53distance and their relative orientation), and the reorganization
54energy (modulating substrate’s solvent accessible area and
55active site preorganization). To advance in this matter, we have
56used a recently developed computational protocol7 that
57combines the protein energy landscape exploration (PELE)
58software8,9 to map the laccase-substrate recognition process at
59the T1 copper (Cu) site, with quantum mechanics/molecular
60mechanics (QM/MM) techniques, to score enzyme reactivity.
61In this work, we systematically apply Monza et al.’s
62methodology7 to study the oxidation of ﬁve substrates:
63 s1syringaldazine (SGZ; see Scheme 1) and four phenols with
64general formula 4X-phenol (X = OH, OMe, Me, and Cl; named
65from this point on as 4OH, 4MeO, 4Me, and 4Cl, respectively)
66by two fungal laccases: a high redox potential laccase from the
67basidiomycete PcL (E°T1 = 0.79 V) and a medium redox
68potential laccase from the ascomycete MtL (E°T1 = 0.46 V).
69The article is divided into two main sections: First, we
70investigate the unusual reactivity proﬁle of syringaldazine by
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71 MtL and PcL. Results conﬁrm earlier ﬁndings on the
72 importance of the binding event in enzyme activity irrespective
73 of the enzyme’s redox potential.7,10 Then, we perform a
74 systematic study of the oxidation of a series of related substrates
75 by MtL and PcL. These substrates were chosen because their
76 reactivity correlates with their driving force,4 approximated as
77 redox potential diﬀerence between electron acceptor and
78 donor, and to minimize potential changes in reactivity due to
79 substrate size and/or bulky substituents. The importance of a
80 correct description of the binding site (for example, the explicit
81 inclusion of crystal waters) and how clustering methods are
82 required to identify the most reactive positions are also
83 discussed.
84 ■ COMPUTATIONAL DETAILS
85 Systems Setup. The crystal structures of PcL (2XYB.pdb)
86 and MtL (provided by Professor Bjerrum, to be published)
87 were prepared with Protein Preparation Wizard,11 PROPKA
88 utility,12 and the H++ Web server13 to determine the
89 protonation state of all titratable groups at pH 5. Five
90 substrates were prepared: SGZ and the four phenols derivatives
91 4OH, 4MeO 4Me, and 4Cl. The redox potential of these
92 phenols is 0.48; 0.66; 0.79; 0.90 V, respectively.4 All substrates
93 were fully optimized with the density functional M0614 with the
94 6-31G** basis set in an implicit solvent (modeled through the
95 Poisson−Boltzmann equation), and the atomic charges,
96 computed at the same level of theory by ﬁtting the molecular
97 electrostatic potential, were used in the following force ﬁeld
98 based PELE simulations.
99 Laccase-Substrate Recognition Process. To determine
100 the diﬀerent binding modes of all substrates in the T1 Cu site
101of MtL and PcL, PELE simulations were performed. PELE,
102which has been successfully applied to study enzymes,7,10,15−25
103is a Monte Carlo algorithm that combines protein backbone
104(elastic network model26) and ligand displacements (roto-
105translations), followed by side chain repacking27 and all atom
106minimization. The new positions are then accepted or rejected
107through a Metropolis test based on energy diﬀerences
108computed using an OPLS force ﬁeld28 and a surface-generalized
109Born implicit continuum solvent.29 In this study, the substrates
110are manually placed close to the entrance of the T1 site and are
111then free to move in a region 20 Å within the Cu atom. An
112example of such a trajectory can be seen in Supporting
113Information. The results from local conformational searches for
114SGZ in PcL and MtL (96 independent trajectories produced in
11548 h for each system), taken as an example, are visualized in
116 f1interaction plots (Figure 1). These contain all of the interaction
117energies of accepted minima against the distance of the center
118of mass of the ligand to the Cu atom at the T1 site. Interaction
119energies are computed as EINT = EPS − EP − ES, where PS refers
120to the protein (P) substrate (S) complex.
121Structures of interest are then randomly selected up to 10 Å
122of the Cu atom and within 5 kcal/mol of the lowest energy
123value (red rectangle in Figure 1).
124QM/MM Scoring. The selected structures obtained in the
125previous PELE simulations were used to estimate the amount
126of spin density transferred from the substrate to the Cu site. For
127this, we have used a QM/MM scheme to model the whole
128laccase−substrate complex which employs diﬀerent levels of
129theory to describe the system. QSite30 was used including in the
130quantum region the entire Cu site (with equatorial and axial
131ligands) as well as the substrate. The M06-L14 density
132functional with the lacvp* basis set was used (LANL2DZ
133eﬀective core31 for the Cu atom and 6-31G* for the rest of the
134atoms). The remaining part of the protein was modeled with
135molecular mechanics through an all-atom OPLS force ﬁeld. A
136ﬁve step geometry QM/MM optimization was carried out, and
137Mulliken populations were computed to characterize the
138fraction of spin density transferred from the substrate to the
139Cu site. Previous experimental studies have shown that spin
140densities correlate well with the ET driving force by establishing
141if an unpaired electron is energetically more stable on the
142donor or acceptor’s molecular orbitals.32 This quick optimiza-
Scheme 1. Chemical Structure of All Studied Substrates
Figure 1. Interaction energies vs distance between the center of mass of SGZ and the T1 Cu atom in (A) MtL and (B) PcL. The diﬀerent colors
indicate independent single processor simulations.
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143 tion has been proven to be suﬃcient to obtain converged spin
144 densities. In laccases, moreover, the calculated spin population
145 has been shown to be largely invariant to changes in density
146 functionals, basis sets, and initial guesses.7
147 Molecular Dynamics. To ensure that two substrate
148 molecules can coexist in the active site, molecular dynamics
149 simulations were run for the PcL-4OH system, starting from
150 the conﬁguration depicted in Figure S9. The ternary complex
151 was solvated with a 10 Å buﬀer of water in an orthorhombic
152 box and neutralized, and 0.15 M NaCl was added. After
153 equilibration (default settings), 8 × 5 ns production runs at
154 constant temperature (300 K) and pressure (1 atm) were
155 performed with Desmond.33 The OPLS-2005 force-ﬁeld28 and
156 the SPC explicit water model34 were used. The copper centers
157 were generated with the hetgrp_ﬀgen utility of Schrödinger,
158 using classical charges and crystal structure geometries. The
159 temperature was regulated with the Nose−́Hoover chain
160 thermostat35 with a relaxation time of 1.0 ps, and the pressure
161 was controlled with the Martyna−Tobias−Klein barostat36 with
162 isotropic coupling and a relaxation time of 2.0 ps. The RESPA
163 integrator37 was employed with bonded, near, and far time
164 steps of 2.0, 2.0, and 6.0 fs, respectively. A 9 Å cutoﬀ was used
165 for nonbonded interactions together with the smooth particle
166 mesh Ewald method.38
167 ■ RESULTS AND DISCUSSION
168 Syringaldazine Oxidation by MtL and PcL. Although
169 unusual, there are some examples in the literature where lower
170 redox potential laccases display better kcat than their higher
171 redox potential counterparts.39 In particular, the oxidation of
172 syringaldazine by MtL (kcat = 1100 min
−1) has been shown to
173 display improved kinetics over PcL’s (kcat = 180 min
−1).5 Here,
174 aiming at understanding these diﬀerences, we have investigated
175 the oxidation of SGZ by MtL and PcL using computational
176 tools. For this, 96 independent trajectories were produced, with
177 PELE, to establish the most favorable laccase-SGZ binding
178 modes. Then, 20 structures were randomly selected with an
179 energy-distance ﬁlter (see Computational Details) and QM/
180 MM calculations performed to assess the fraction of spin
181 density transferred from the substrate to the enzyme.
182 The interaction energy proﬁles for SGZ diﬀusion in MtL and
183 PcL are considerably diﬀerent (Figure 1), and it is clear that
184 binding is more favorable (with a funnel-like proﬁle and lower
185 interaction energies) in MtL than PcL. Additionally, minima in
186 MtL are closer to the electron acceptor and better protected
187 from the solvent (in theory, lowering the ET coupling and
188reorganization energy, respectively) as seen in Figure S1. More
189importantly, SGZ shows a better orientation for both electron
190 f2and proton transfer in MtL (Figure 2).
191The diﬀering binding of SGZ in MtL and PcL derives from
192diﬀerences in the T1 pocket. MtL contains a large loop
193involving residues 445 and 468 hosting Asn454 that anchors
194the substrate in the position seen in Figure 2A. PcL, on the
195contrary, has a much smaller loop of only 8 residues (as
196opposed to the 23 in MtL) involving residues 408 to 416.
197Another signiﬁcant diﬀerence is the shorter loop hosting
198residues 332 to 336 in PcL (364 to 371 in MtL) that creates a
199favorable environment to dock the polar hydroxyl group of
200SGZ (Figure 2B). Finally, Ala192, which helps positioning the
201substrate in the correct orientation in MtL’s active site, is
202located at the end of a loop that is preceded by an α-helix
203beginning in residue 179, which is not present in PcL (left side
204of Figure 2A). In addition to the considerable diﬀerences seen
205both in the interaction energy proﬁles, donor−acceptor
206distances, solvent exposure, and binding orientation, QM/
207MM calculations also indicate higher spin transfer from SGZ to
208 f3MtL than in PcL (Figure 3).
209The computational results put in evidence the fact that
210counterintuitive diﬀerences in SGZ’s oxidation by these two
211enzymes are highly related to the binding event. In MtL, SGZ
212favors conﬁgurations hydrogen bonded (H-bonded) to the ﬁrst
213coordination His508 (facilitating ET) and simultaneous
214interaction with Glu235 where proton transfer is expected to
Figure 2. Representative binding modes for SGZ in (A) MtL and (B) PcL.
Figure 3. Distribution of SGZ spin densities in MtL and PcL in
boxplot representations. In each distribution of data, we have
minimum, ﬁrst quartile, median, third quartile, and maximum. Each
sphere is one computed spin density.
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215 occur.40 This will ensure optimal electronic coupling (shorter
216 donor−acceptor distance) and ET driving force (higher
217 substrate spin density, likely due to the proximity to the
218 catalytic Glu235). In PcL, however, SGZ interacts with the
219 backbone of residues Gly334 and Asn336 and with the side
220 chain of Phe265 anchoring the substrate about 3 Å away from
221 any of the T1 ligands. Indeed, Phe265 has been described to
222 mark the boundary to the entrance channel to T1 site in the
223 high-redox potential laccase from Trametes versicolor, 1KYA,
224 with 66% sequence identity with PcL.41 In this higher redox
225 enzyme, electron transfer must thus occur through a free space
226 jump (as none of the coordinated residues is close enough to
227 the substrate) or alternatively using other residues (which
228 necessarily imply a longer electron transfer path). These results
229 advocate for improved kinetics in MtL, which is in good
230 agreement with experimental observations.
231 4X-Phenol Oxidation by MtL and PcL. Preliminary PELE
232 simulations for the 4X-phenols with PcL showed diﬀerent
233 binding modes for each laccase−substrate system. However,
234 QM/MM calculations displayed poor correlation between the
235 amount of spin density computed on each substrate (20
236 structures selected) and the substrate’s redox potential (Figure
237 S2 in Supporting Information). Further inspection of the most
238 favorable minima evidenced an important cluster of structures,
239 for all complexes, that included interaction with His456 (ﬁrst
240 coordination sphere of the Cu T1 site) but not with the
241 catalytic aspartic acid, which is expected to be the proton
242 acceptor (Figure S3A).
243 These structures exposed a region in PcL’s binding pocket
244 with a volume comparable to that occupied by a water
245 molecule. Further inspection of the available laccases’ crystal
246 structures that contained a phenolic substrate showed, for
247 example, that in Melanocarpus albomyces laccase in addition to
248 2,6-dimethoxyphenol it has a crystal water molecule precisely in
249 the position identiﬁed in the simulations (Figure S3B). For this
250 reason, we have repeated all calculations (PELE + QM/MM),
251 involving the phenols, including an extra water molecule in this
252 position. For each laccase−substrate pair, 240 independent 48h
253 trajectories were produced (interaction energy proﬁles in
254 Figure S5), and 50 complex structures were randomly selected
255 for QM/MM scoring. Computed spin densities for all systems
256 (depicted in Figures S6 and S7) oﬀer a qualitative picture
257 where we can see the overall improved oxidation of compound
258 4OH over 4Cl and that complexes with PcL display, on average,
259 higher spin transfer than with MtL. Next, we identiﬁed the site
260 with maximum substrate spin density, for each compound, by
261 clustering techniques. For this, computed spin densities (50 for
262 each system) were grouped using k-means and k-medoids, and
263 the obtained clusters (details can be found in SI Table S8 and
264 Figures S9 and S10) were then visually inspected. For both
265 laccases, the highest spin density cluster is also the one with
266 optimal catalytic contacts. The substrate is H-bonded to the
267 catalytic histidine (ﬁrst electron acceptor, coordinated to the
268 T1 copper) and to the water molecule present in the active site.
269 This is in turn hydrogen bonded to the catalytic Asp, the ﬁnal
270 proton acceptor (Figure S4).
271 It follows that such a binding mode, besides being from an
272 excellent driving force (most likely due to the proximity of the
273 negatively charged catalytic base), provides both optimal
274 electron tunneling and proton abstraction. If only this cluster
275 of best oxidation position is taken into account, for each
276 system, a good correlation (above 95%) between the computed
277 f4spin density and the logarithm of the experimental speciﬁcity
278 f4constants is obtained (Figure 4).
279Since speciﬁcity constants are not available for PcL, we
280compared with another high redox potential enzyme from
281Trametes villosa (E°T1 = 0.78 V) which shares 70% identity
282(homology modeling shows an identical ligand binding site to
283PcL with only Phe164 replaced by an Ile in the binding pocket
284entrance). These small diﬀerences may be responsible for the
285lower correlation found for this system. To support the
286hypothesis that, at high substrate concentration, the average
287spin density at the best oxidizing site is correlated with
288experimental speciﬁcity constants, we must ensure that
289occupation of the best site is possible when other substrate
290molecules are simultaneously bound at neighbor positions. For
291this, we have performed eight independent 5 ns molecular
292dynamics simulations and show that two ligands can, in fact,
293concomitantly exist for at least 2 ns around their initial
294positions (Figures S11 and S12). Furthermore, QM/MM
295calculations conﬁrm that the best site is the one oxidized by the
296enzyme independently of the second substrate molecule. This
297hypothesis is expected to be valid in systems where multiple
298positions can be simultaneously occupied and where the
299presence of a second ligand does not aﬀect the oxidation of the
300ﬁrst (for example, charged substrates that change the
301electrostatic environment of the substrate can aﬀect the ET).
302In any case, results conﬁrm the potential of the in silico
303protocol to discriminate laccase reactivity. Qualitatively scoring
304enzyme activity is shown to be straightforward and the method
305is robust enough to capture even unusual trends as with the
306oxidation of SGZ by PcL and MtL. The present study further
307validates a general methodology already used to explain
308directed evolution experiments7,10 and computer-aided rational
309design of laccases.15 In the latter, the oxidation of a poorly
310reactive molecule was improved by introducing a negatively
311charged residue to increase its oxidability. This was achieved by
312tuning the binding event (PELE) and enhancing the spin
313density (QM/MM). In the case of determining the oxidation
314activity toward diﬀerent substrates, it is clear that the problem
315becomes much more complex. A correct description of the
316binding site, namely, with the inclusion of essential water
317molecules, is fundamental. Furthermore, we ﬁnd that when
318multiple binding modes exist, if they are noncompetitive, then
Figure 4. Computed average spin densities in the sites identiﬁed as the
best oxidation positions in the T1 copper site for MtL and PcL vs
experimental speciﬁcity constants4 for MtL (blue) and TvL (cyan).
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319 the oxidation is mainly driven by the best oxidation position,
320 and clustering methods can help ﬁnding it.
321 An identical approach (PELE + QM/MM) was also recently
322 used to design a stable manganese peroxidase,20 which indicates
323 that the methodology benchmarked here can be easily extended
324 to other oxidoreductases. Nevertheless and as stated previously,
325 our aim is to develop cost-eﬀective and reliable computational
326 strategies for protein engineering. In this context, we wish to
327 move away from rational design (where a few variants are
328 designed and validated experimentally) and instead provide an
329 exhaustive protein engineering protocol with reduced human
330 intervention. The goal is to either compute a large set of point
331 mutations and test the most promising experiments or identify
332 amino acids or regions of the protein where directed evolution
333 experiments should focus their eﬀort. In this direction, we have
334 recently shown how the protocol benchmarked here can be
335 used for systematic sequence space search. In the work by
336 Giacobelli et al.,42 we have used PELE to explore the binding in
337 the parental type. After identifying the most reactive laccase−
338 substrate conformation, over 400 mutants were evaluated with
339 a quick (less than 1 h in single processor per mutant) PELE
340 protocol. These calculations can be easily done in less than 1
341 day with 100 CPUs, providing an inexpensive alternative to
342 laboratory directed evolution. In fact, we have shown that while
343 QM/MM scoring (which is the most time-consuming step)
344 provides a reliable assessment it is possible to qualitatively
345 measure catalytic improvement, using only structural and force
346 ﬁeld based parameters such as donor−acceptor distance,
347 catalytic contacts, and interaction energy. Final QM/MM
348 scoring, which takes 2−4 h on 4 CPUs, can easily be limited to
349 rerank the best 10−100 variants, thus making this protocol
350 appropriate for academic and industrial laboratories, particularly
351 in a ﬁrst approach to engineering a protein.
352 In conclusion, we demonstrate the robustness of the
353 computational method here benchmarked to accurately predict
354 the oxidation ability of laccases toward small molecules. We
355 discussed its potential to quickly score the activity of a large
356 number of protein sequences toward the oxidation of speciﬁc
357 substrates and thus the importance of in silico methodologies in
358 protein engineering.
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